Li-containing materials can be applied as neutron scintillators, and LiBaF 3 can discriminate neutron and gamma rays. Moreover, LIF/LiBaF 3 can have higher cross section of thermal-neutron capture compared with LiBaF 3 . In this study, LiF (82.5 mol%) and (Ba 1-x RE x )F 2 (17.5 mol%, RE = Ce and Eu, x = 0.002) eutectic crystals, LiF/RE:LiBaF 3 , were grown by the micropulling down method with different pulling rates (growth rate) in order to observe the eutectic structure. Lamellar microstructure was formed for each pulling rate. LiF/ Ce:LiBaF 3 excited by 5.5-MeV alpha rays had a broad peak at *350 nm corresponding to 5d-4f transition of Ce 3? . On the other hand, LiF/Eu:LiBaF 3 had two scintillation processes; a sharp emission was originated from 6 P 7/2 ? 8 S 7/2 transitions in the 4f electronic configuration of Eu 2? at 360 nm, and a broad one was attributed to Eu 2? trapped exciton recombination at 400-450 nm. Since scintillation light was observed for these materials, these scintillators are sensitive to neutrons.
Introduction
Neutron detection and imaging can find its application in various fields such as homeland security and crystallography [1, 2] . Up to now, 3 He gaseous detectors are used for neutron detection, because 3 He has an unusually large cross section for neutron capture (approximately 5300 barns for thermal neutrons) [3, 4] . However, the 3 He sources are being depleted, and alternative suitable detection methods are required. BF 3 gas has been also used for the neutron detector. However, BF 3 has a big disadvantage since it is toxic gas. 6 Li has a relatively good thermal-neutron cross sec-containing materials are expected to have low gammaray sensitivity. Additionally, many Li-containing materials are not toxic. Some groups have investigated detectors of thermal neutrons using Li-containing scintillators [5] [6] [7] [8] . Moreover, 6 Li undergoes a nuclear reaction by absorbing a thermal neutron and releasing an alpha particle and a triton ( 3 H 1 ) as follows:
and the 4.78-MeV energy, called Q-value, is distributed between the triton (2728 keV) and alpha particle (2055 keV). Due to the high Q-value, large photon number of scintillation light is expected under thermal-neutron excitation. The gaseous-type neutron detector can be realized to have a position resolution of a few hundred micrometers using micropattern gaseous detectors with an anode pitch of a few hundred micrometers [4] . On the other hand, the scintillation-type detector has worse position resolution, because a scintillation array camera has a pixel pitch of more than *1 mm. Even if a monolithic crystal is coupled to a fine structure photodetector, like a charge coupled device (CCD) camera, the scintillation light would spread in the crystal.
Recently, a light-guide scintillator consisting of a eutectic crystal made of components with different refractive indexes has been reported for X-ray imaging [9] . This scintillator is grown by the micropulling down (l-PD) method [10] , and a needle-like shape crystal, which acts as light guide, is formed. Moreover, even if a eutectic crystal does not have the needle-like shape, the eutectic scintillator including LiF (e.g., LiMF 3 /LiF and M = Ca, Sr) has larger cross section for thermal neutrons compared with the original one (e.g., LiMF 3 ).
LiBaF 3 or Ce-doped LiBaF 3 has been investigated as scintillation material, and two kinds of emission originating from cross-luminescence and self-trapped exciton (STE) luminescence were observed under gamma/X-rays excitation [11] [12] [13] [14] . On the other hand, cross-luminescence was not observed for thermalneutron excitation [12] . Cross-luminescence has a fast decay time of *0.8 ns compared with STE emission (*6 ls), and neutron-gamma discrimination can be expected for this material. Moreover, Ce-doped sample has the third component of the emission from Ce 3? 5d-4f with a decay time of approximately 70 ns.
In order to obtain cross section for thermal neutrons higher than that of LiBaF 3 and take advantage of this eutectic structure, we grew eutectic LiF/ LiBaF 3 crystals including 6 Li. As a first step in this paper, optical properties of the samples are reported. Here, composition corresponding to the eutectic point for LiF/LiBaF 3 was reported to be LiF (82.5 mol%) and BaF 2 (17.5 mol%) [15] .
Materials and experimental methods
The crystal growth of undoped, Ce-doped and Eudoped LiF/LiBaF 3 eutectic crystals was performed using the micropulling down (l-PD) method with high-frequency heating system. LiF (95% 6 LiF), BaF 2 , CeF 3 and EuF 3 powders with high purities of over 99.99% were used as starting materials, and the mixture ratios (eutectic compositions) were LiF (82.5 mol%) and (Ba 1-x RE x )F 2 (17.5 mol%, RE = Ce and Eu, x = 0.002). Each mixed powder was preheated in a carbon crucible under vacuum in the chamber below 10 -3 Pa. Then, the chamber was filled up with a gas mixture Ar:CF 4 in a pressure ratio of 97:3 at 1 atm (sealed), and each gas purity was over 99.9999 vol%. The crystals were grown with different pulling rates of 0.05, 0.10, 0.50, 1.0 and 2.0 mm/min using a platinum wire as a seed. The detail of the crystal growth is described in [16] .
In order to check the phase of each obtained crystal, the powder X-ray diffraction analysis was performed from 20°to 80°using a diffractometer (Rigaku, RINT2000). The X-ray source was CuKa line with an accelerating voltage of 40 kV and tube current of 40 mA. To observe the microstructure, backscattered electron (BSE) images of the specimens were obtained from the surface of cross section perpendicular to the growth direction with a scanning electron microscope (SEM) (Hitachi, S-3400 N) equipped with an energy-dispersive spectrometer (EDS) (HORIBA, EMAX X-ACT).
We investigated some optical properties of the samples after cutting and polishing; (1) photoluminescence spectra (emission and excitation) were measured with a spectrofluorometer (Edinburgh Instruments, FLS920), (2) photoluminescence decay curves were obtained with the spectrofluorometer and a Flash lamp (Edinburgh Instruments, nF900), and (3) radioluminescence spectra at room temperature were measured with the same spectrofluorometer as the photoluminescence measurement using 5.5-MeV alpha rays ( 241 Am) as the excitation source.
Results and discussion
We succeeded in growing LiF/LiBaF 3 eutectic crystals as shown in Fig. 1 . The diameter and length of each sample were approximately 2 mm and 60-70 mm, respectively. Figure 2 shows the XRD pattern of LiF/undoped LiBaF 3 with a pulling rate of 0.50 mm/min; two phases (LiF and LiBaF 3 phases) were observed. The BSE images of the cross section for LiF/undoped LiBaF 3 with different pulling rates are shown in Fig. 3 . The eutectic microstructure consisted of white and black phases which were identified as LiBaF 3 and LiF, respectively, by the EDS analysis. We found this eutectic cannot form a needle structure, while it formed a lamellar structure. Figure 4 shows lamellar width of the LiBaF 3 as a function of the pulling rate; the width decreased from approximately 6.5-0.8 lm as the pulling rate increased. Here, lamellar width was measured from the SEM image with a software ''ImageJ'' [17] .
The following relation between the dimensions and the pulling rate can be applied to the microstructure of LiF/LiBaF 3 eutectic:
where k, v and a are the interlamellar or inter-rod spacing, the solidification rate and a constant, respectively. By the best fitting, the value of the proportional constant ''a'' was estimated to be 1.55 ± 0.08 lm/(mm/min) 1/2 . Due to our setup, the sample cannot be irradiated with photons with wavelength shorter than 250 nm, while excitation peak of LiBaF 3 is located at 238 nm [14] . Therefore, LiF/Ce:LiBaF 3 could be excited by the photons with wavelength longer than 250 nm in this time. When LiF/Ce:LiBaF 3 was excited by 361-nm photons, broad emission peaks at 400-500 nm were observed as shown in Fig. 5a . These peaks did not agree with the past studies for Ce:LiBaF 3 with an emission peak of around 325 nm [14] . Although the size of Li site is smaller than radius of Ce 3? [18] , Ce:LiF crystal was also grown by the l-PD method. Though the emission intensity of Ce:LiF was weak, the emission spectrum of Ce:LiF was similar to that of LiF/Ce:LiBaF 3 over 410 nm (Fig. 5b) . Thus, this emission peak may be attributed to Ce:LiF. LiF/Eu:LiBaF 3 had sharp and broad emissions around 360 and 400-450 nm, respectively (Fig. 5c ). The sharp emission originated from 6 P 7/2 ? 8 S 7/2 transitions in the 4f electronic configuration of Eu 2? , while the broad one was attributed to Eu 2? trapped exciton recombination [19] . The photoluminescence decay parameters are listed in Table 1 , and the decay time for LiF/Ce:LiBaF 3 was corresponded to the time of 5d-4f transition of Ce 3? .
The radioluminescence spectra of LiF/Ce:LiBaF 3 and LiF/Eu:LiBaF 3 under 5.5-MeV alpha-ray irradiation are shown in Fig. 6 . Spectrum of LiF/Ce:LiBaF 3 consisted of a broad peak at *350 nm which was ascribed to 5d-4f transition of Ce 3? [14] . Moreover, around 400 nm, LiF/Ce:LiBaF 3 had another peak, and this peak might originate from self-trapped exciton emission. On the other hand, LiF/Eu:LiBaF 3 showed emission spectrum which was similar to the photoluminescence. Both samples had no cross-luminescence at 200-250 nm. The radioluminescence intensities for LiF/ Ce:LiBaF 3 and LiF/Eu:LiBaF 3 were of similar level. The light outputs were estimated by single photoncounting method [20] using a photomultiplier (Hamamatsu, R7600U-200) and an 241 Am source. Although LiF/Ce:LiBaF 3 and LiF/Eu:LiBaF 3 with thicknesses of 1 mm had *10% of the light output of the conventional Li glass consisting of 6.6 mol% Li (Scintacor Ltd., GS20), the cross sections for the thermal neutron were higher than that of Li glass due to high concentration of Li. When LiF/Ce:LiBaF 3 and LiF/Eu:LiBaF 3 are coupled to a silicon photomultiplier (Si-PM) which is a high-sensitivity photoncounting device, the scintillator with even low light output would have good sensitivity for thermal neutrons.
Conclusions
LiF/Ce:LiBaF 3 and LiF/Eu:LiBaF 3 eutectic crystals were grown by the micropulling down method, and these crystals had lamellar microstructure. We observed scintillation photons for both eutectic crystals excited by alpha rays; LiF/Ce:LiBaF 3 had a broad peak at *350 nm corresponding to 5d-4f transition of Ce 3? . On the other hand, LiF/Eu:LiBaF 3 had a sharp emission originating from 6 P 7/2 ? 8 S 7/2 transitions in the 4f electronic configuration of Eu 2? at 360 nm, and a broad one was attributed to Eu 2? trapped exciton recombination at 400-450 nm. These scintillators are expected to be sensitive to neutrons, and their cross section for the thermal neutron was higher than that of Li glass. Figure 6 Radioluminescence spectra of LiF/Ce:LiBaF 3 (dotted line) and LiF/Eu:LiBaF 3 (solid line).
